Summary: In conclusion to the Proceedings of the Symposium on the Health and management of free-ranging mammals (held in Nancy, France, in 1991 )
INTRODUCTION
One of the main difficulties in the study of diseases of free-ranging mammals (see comments below on the use of these terms) is the method of quantification of morbidity and mortality; another is the attribution of mortality to a specific causal agent (75) . It is difficult to determine from a single case whether poor physical condition has facilitated or resulted from the action of a pathogen.
For the pathologist or clinician accustomed to dealing with single cases, a population-scale approach to disease problems is generally considered too ambitious. This approach is also difficult for biologists or ecologists experienced in the analysis of entire ecosystems, as the adverse effects of a parasite are difficult or impossible to quantify in terms of energy transfer. Consequently, these have rarely been taken into account in the recent past. Fortunately, the integration of pathogenic agents into the description of ecosystems under the concept of pathobiocenosis (9) or pathocenosis (40) has drawn attention to the mode of life of the parasite, which is one of the most commonly adopted modes within the animal kingdom (3) . The importance of pathogenic agents in natural populations may thus be examined more closely. In highlighting the importance of parasitism in various mammalian communities, Barbehenn (12) was one of the first to suggest that the impact of parasites was more qualitative than quantitative, opening the way for further fruitful research.
The ecological approach to disease can be divided into two branches: ecology of the parasite (or simply "epidemiology") and ecology of the host (e.g. the vectors, reservoirs and victims of the parasite). This dichotomy will be explored by examining, firstly, the transmission and circulation of parasites among hosts (origin, invasion, persistence) and, secondly, the ecological impact of the diseases on the host population over different time scales.
Terminology
The term "disease" is used here to denote infection in the widest sense of the word, without necessarily being associated with symptoms.
Reference is made to "parasites" as micro-organisms capable of depriving their host of energy or biological components, as well as destroying cells or tissues. It is convenient to distinguish between "microparasites" (e.g. viruses, bacteria, protozoa), the small size of which makes it impossible to count precisely the number of individuals, and "macroparasites" (e.g. helminths, arthropods) which can be studied individually.
"Free-ranging mammals" are all those species of mammals, the movement and reproduction of which are not under direct human control, at least in part of their living space. This definition thus extends, for example, from the Chinese desert cat, which no scientist has seen alive, to the stray domestic cat. No reference is made to problems linked with non-contagious diseases or the ecology of intoxication by plants. The latter has numerous similarities to the study of pathogenic agents.
Davis and Anderson (24) and Davis and colleagues (25) provide an introduction to the subject of mammal diseases.
ECOLOGY OF PARASITES

Patterns of transmission
Parasites must face a unique constraint in order to survive: their environment, the host, is a discontinuous ecosystem and must ultimately perish (31) . Consequently, the parasite (or its offspring) must leave its host and be transmitted to another. This passage may necessitate inactive or active life in the external environment.
Transmission through "normal behaviour" of the host
In some cases, parasite transmission follows complex but "normal" behaviour patterns (e.g. parasitism of foxes by ticks in relation to their occupation of burrows) (8) . It is therefore indispensable to be familiar with the host ecology in order to understand how a parasite passes from one individual to another. The transmission of trichinellosis, which is caused by a monoxenous parasite, is accomplished solely by predation, cannibalism or necrophagia. Epidemiological surveys have demonstrated the importance of foxes as a reservoir of Trichinella spp. The fox is not known for cannibalistic tendencies; tests conducted by Macdonald (52) have shown that foxes are reluctant to eat the flesh of other foxes. However, in the Nancy Symposium, Rossi and colleagues showed that winter cold may kill foxes in mountainous regions, and starvation may force surviving foxes to eat these carcasses (72) . Reference was made to canine rabies in the Nancy Symposium, notably in the contribution by Wandeler and colleagues (90) . His study demonstrates the variability of spread and persistence networks of zoonoses, and shows that connections between classes of individuals and between different species (dog and man) are often located at different levels of organisation (e.g. cultural, behavioural, feeding). The interruption of parasitic cycles by health authorities has thus proved more difficult to achieve than expected.
Means of facilitating transmission
Parasites generally adopt demographic strategies of type "r" (founded on the proliferation of diffusible forms, such as eggs, larvae and cysts). However, Combes (22) showed that numerous species adapt to, or provoke, behavioural patterns in the host which favour transmission. Due to parasite infection, movements of the host are oriented towards favourable points in host-parasite contacts; alternatively, infection may create a countermimetic situation which facilitates the ingestion of a parasite or a parasitised host by a predator.
Numerous studies have confirmed, for example, that a rodent infested with Trichinella larvae or Toxoplasma will adopt behaviour which facilitates its capture by a predator. However, the availability of prey debilitated by the action of a parasite poses a dilemma for the predator: to save energy by capturing debilitated prey but run the risk of becoming infected, or to expend energy in trying to catch healthy prey but risk starvation (58) . Other examples of behavioural changes induced by parasites include increased levels of activity (46), reduced rapidity of movement (67, 68) and the loss of neophobic reflexes (47). The biological rhythm of microfilaria, which migrate into the body through the subcutaneous capillary network, is linked to the rhythm of nyctohemeral activity of the vector, a biting mosquito (11, 19, 45) . Do these types of behaviour mechanically result from deprivation or tissue lesions induced by the presence of the parasite (for instance, moose heavily infested with hepatic larvae of Echinococcus granulosus are more easily captured by wolves) (55), or is behaviour regulated to favour transmission by chemical mediators (e.g. hormones, neuromediators), the secretion of which is modified by the parasite? Trypanosomes modify serotonin production, changing the circadian rhythm, in Microtus voles (76) . Experiments with male golden hamsters (Mesocricetus auritus) suggest that Schistosoma mansoni infestation results in differential augmentation of endogenous opioid activity. These opioids affect the regulation of feeding behaviour and aggressiveness (49).
Little attention has been paid to this aspect in the case of microparasites. It is known only that some carnivores infected by pathogens become disorganised in their movements; this favours transmission of tuberculosis in badgers (20) , for example, and rabies in foxes (Vulpes vulpes) (7) .
Simple epidemic models
The development of mathematical models has considerably clarified the understanding of the ecology of contagious diseases. Given that the host population may be heterogeneous and of variable demography, the deterministic models of Anderson and May (2) and May and Anderson (54) have opened up a particularly rewarding path, which is still being explored today. The value of these models is their simplicity. Nevertheless, at various stages in the development of a disease, chance may play a critical role. During initiation or extinction of a disease within a host population of small size, or for an uneven distribution of the infection, more sophisticated stochastic models are indispensable (59), but these are less readily available to biologists.
The population can be divided into homogeneous compartments according to the stage of infection, whereby each event can be simulated for every individual. Transition from one compartment (or one stage) to another is calculated for each period by successive adjustments, using observations or estimates. In the case of microparasites, the compartments consist of classes of the host population (e.g. susceptible individuals, individuals at different stages of infection and diseased individuals). In the case of macroparasites, stages of the parasite population (eggs, larvae of different stages, adults) are simulated as they occur in various hosts or in the external environment. Knowing the size of the population and its growth rate, a model needs only a few basic components.
In its deterministic form, the basic equation gives the number of infected hosts per unit of time, as follows (reviewed in 5):
where : Y = density of infected hosts X = density of susceptible hosts ß = transmission coefficient 1/d = life expectancy of an infective host determined by the rates of host mortality and recovery from infection.
The magnitude of "R 0 ", the basic reproductive rate, is of central importance. In the case of a microparasite, R 0 is the number of secondary cases per unit of time (e.g. the number of hosts infected by an initial case). Tuberculosis in badgers provides an example (4). In the case of a macroparasite, R 0 is determined by the mean number of offspring per parasite (reviewed in 5):
The following considerations on the spread and persistence of mammal diseases, and on the impact of parasites on populations and communities are largely based on the models of Anderson and May (2,5,53,54) mentioned above and on those of a few others.
Spread and persistence
The origin of diseases
New diseases are spread by a process of invasion. This invasion results in a dramatic change in host-parasite relationships, making a parasite pathogenic for the host. The change may be endogenous, due to a genetic modification in the host (becoming susceptible) or in the parasite (becoming virulent), or it may be exogenous, bringing together a host and a parasite which had previously been separate. The first origin is of low probability, but occurs as an evolutionary process. The second origin was equally improbable before man upset the biosphere by modifying ecosystems and mixing together the pathobiocenoses of the planet.
There are few references to the early origin of wildlife diseases, but the review of human parasitoses by Combes (21) is very instructive. This author compares the evolutionary history of man and macroparasites, suggesting that the parasitic fauna of the prey or symbionts of man were able to adopt him as a new host, as a result of changes in human behaviour. Subsequently, alien parasites have infected man, in accordance with new mutual, genetic adaptations.
Invasion
The deterministic models (30) specify that for an invasion to succeed, a pathogen must have access to a dense group of susceptible individuals. Various strategies enable invasive parasites to counterbalance the effect of a low density of susceptible hosts: vertical transmission (from mother to offspring), skirting the immune defences (antigenic variability of influenzavirus and retroviruses), diffusion by vectors, etc. Nevertheless, in the case of heteroxenous cycles, the success of invasion also requires that conditions be suitable for survival and propagation of intermediate hosts. The models predict that macroparasites which have a direct cycle are good invaders, as they need a low threshold of critical density, and mature parasites give rise to a large number of infesting stages with a long life span. By contrast, the horizontally-transmitted microparasites, which are either highly pathogenic or permit rapid recovery with durable immunity, are poor invaders.
Persistence
In order to persist in a population, an invader requires a sufficiently large number of hosts. For this reason, the persistence of diseases on small islands is difficult (e.g. rabies in Corsica and measles in Iceland). Strategies to overcome the shortage of host populations involve prolongation of the life span of infective stages (e.g. the long incubation period of slow viruses) and the use of reservoirs or exterior survival forms (e.g. spores).
The new equilibrium between the parasite and its host may be stable or may oscillate (53) . Microparasitoses tend to provoke oscillations in incidence or host population size. They provoke a high mortality or a durable immunity, accompanied by periodic renewal of susceptible individuals. For reasons of inverse symmetry, macroparasites tend to give rise to more stable equilibria.
There are frequent examples in nature of variations in the incidence of a parasite within its host population. A static description of what is observed at a given time and place is an indication of both the combination of the parasite pathogenicity and the parasitic burden. The impact of the parasite will increase when its rate of reproduction exceeds that of the host. The efficacy of the regulatory process will be governed by a factor which takes into account aggregation of the parasite in the host population.
ECOLOGY OF HOSTS Impact on populations
Populations reduced by parasites do not usually reach the extinction threshold. The effects of mortality depend on the density of susceptible individuals. These effects are less severe as the population decreases or becomes immunised. The host-parasite equilibrium may remain more or less stable. Stabilising factors include non-specificity of the parasite (multiple hosts) and a mortality which increases more rapidly than the parasite burden. Destabilising factors are a reduction in the reproductive rate of the host caused by the parasite, reproduction of the parasite within the host and retarded development of transmitting stages.
The influence of these factors was illustrated at the Nancy Symposium by examples drawn mainly from North American and European fauna. Opportunistic parasites may exert a demographic pressure on their host, as suggested for non-specific viral infections in rodents, even in the absence of a characteristic epidemic (26, 27, 56) , or in the case of Capillaria hepatica (51, 77). Forty years after its introduction, myxomatosis virus continues to control rabbit (Oryctolagus cuniculus) populations (33, 85) . Twenty years after its appearance in Sweden, sarcoptic mange still maintains fox populations at subnormal levels (60) .
Quantitative impact on communities
The deterministic models of Anderson and May (5) are again of great value concerning the impact of diseases on a community of at least three species: parasite, predator and either prey or competitor.
Translocations of fauna were studied at the Nancy Symposium (92, 93) , and the consequences of introducing a new potential host for pathogens into a community were described.
Firstly, if a "healthy" host which is introduced is "naive", it would be unable to resist attack by indigenous pathogens; Mihok and colleagues (57) illustrate this phenomenon in rhinoceros (Diceros bicornis). Another example is the fate of twelve pairs of grey-sided voles (Clethrionomys rufocanus), introduced into an enclosure, which died as a result of massive infestation by ticks (Ixodes trianguliceps), although the indigenous vole (C. glareolus) was scarcely affected (88).
Secondly, if a "new" host carries parasites, as is often the case, these may contaminate other species in the same habitat which are taxonomically related to the host. Models predict that under these conditions the resident host (H1) may become extinct through the attack of the new parasite introduced by the exogenous host (H 2 ) if:
-the parasite can persist in the low density population of H 2 -the parasite is highly pathogenic for H1 -cross-transmission from H 2 to H 1 is effective.
A well-known example of such an invasion is the disappearance of caribou (Rangifer tarandus) from the Maritime Provinces of Canada following attack by the meningeal worm (Parelaphostrongylus tenuis) introduced with white-tailed deer (Odocoileus virginianus) (1) . However, the hypothesis that meningeal worms cause decline in moose (Alces alces) populations is still controversial, since moose continue to thrive in the enzootic range of the parasite (36,63,64). Woodford and Rossiter have given a number of other examples of this type of risk (93) .
When a parasite attacks two competing species, infection of the dominant species might facilitate the co-existence of the second species, which was previously overruled by the first. The proportions of hares and rabbits have been reversed as a result of the introduction of myxomatosis. Among mammals, this is the only recorded example of the influence of a pathogen on two potential competitors, although it is not strictly a case of direct competition. Barnes and Tapper (13) point out that the increase in vegetation cover after the decrease in the rabbit population might simply have improved the chances of survival of new-born leverets.
Introduction of a parasite may also destabilise the equilibrium between predator and prey.
Infection of the prey can lead to reduced numbers of predators when reproduction of the predator depends on the abundance of prey. For example, myxomatosis does not affect generalist predators such as foxes, which turn their attention to voles instead, but does affect certain species of more specialised predators (33, 81) . An effect of the regression of rinderpest has been a spectacular increase in several large predators of wildebeest in African parks (15, 29) . However, within the Serengeti, for example, the increase has occurred at different rates in different habitats (61) .
A disease of a predator may lead to stabilisation or even increase of the prey population. There is an interesting verification of this prediction in the case of fox mange and its effect on the density of hares in Sweden (23) . In sectors of low prevalence, the abundance of hares continued to fluctuate, as in the past. By contrast, in sectors of high prevalence of fox mange, the oscillations ceased and the hare populations increased appreciably.
A given species generally acts as host to many pathogens, which interact with each other. These interactions open up a vast field of particularly complex scientific exploration, in which parasites may neutralise each other, enter into competition or act synergistically. Boag (17) showed, for example, that myxomatosis provoked a seasonal increase in helminth infestations of rabbits. In their contribution to the Nancy Symposium, Stenvers and colleagues (80) reported on co-infection of seals with morbillivirus and herpesvirus. Although the actual effect of this co-infection on mass mortality in the North Sea is not yet clear, the mass mortality of seals (Phoca vitulina) along the northern coasts of Europe in 1988 raised questions about the influence of such infections on the dynamics of marine mammal populations. Harwood and Hall (44) conclude that instances of mass mortality may play a more important role than densitydependent factors in the population dynamics of several species.
CO-EVOLUTION: MUTUAL GENETIC IMPACT
It is generally assumed that establishment of a host-parasite balance tends to weaken the pathogenicity of the parasite. This is contradicted by factual observations and by the models of Anderson and May (3). In reality, the outcome of the confrontation depends on both virulence and transmissibility. Host-parasite co-existence may result in diminution or loss of virulence (low pathogenic effect) if parasite success depends on survival of the host: the longer the host survives, the better the chance of the parasite being transmitted. By contrast, if transmission does not depend on host survival, successive passages of the parasite may augment its virulence for the host species. The basic response to a change in virulence of the parasite is a symmetrical change in host susceptibility, but in mammals the generation time of the host is infinitely longer than that of the parasite and therefore this response takes longer to occur.
Consequently, it is difficult to find good examples of mutual adaptation of mammalian host and pathogen in recent invasions, such as rabies and myxomatosis, despite attempts to demonstrate this co-evolution. Carey and McLean (18) showed how rabies virus escapes the potential resistance of one host species by passing through another (e.g. from dog to fox to skunk), but they found evidence neither of attenuated virulence of the lyssavirus, nor of an increase in host resistance. Blancou and colleagues (16) proposed the existence of biotypes of rabies virus which, in conformity with model predictions, would tend to become more pathogenic and more virulent for their homologous host. In view of its mode of transmission (excretion of large amounts of virus, although very little is needed for infection), the disease can be maintained easily whenever one rabid fox can infect, on average, one (or slightly more than one, i.e. R 0 > 1) susceptible animal (10) . In rabies, host survival is not necessarily linked with virus survival, and there is a pattern of antagonistic co-existence, as predicted by Anderson and May (3).
In the case of myxomatosis, there are five degrees of virus virulence. Intermediate stages (and not the lowest level of virulence) persist at high efficacy because they appear to be more effective in transmission, at least when the principal vector is a mosquito. The development of innate resistance among rabbits remains a controversial subject. Ross and Sanders (71) found evidence of progressive augmentation of innate resistance among wild rabbits (in distinction to laboratory rabbits, in which resistance remained unchanged). Williams and colleagues (91) were unable to confirm this when comparing the resistance of rabbits in different bioclimatic zones of Australia, while Sobey and Conolly (79) suggested that the basis for resistance was not genetic, even if it was transmissible.
It was concluded by Anderson and May (3) that the extreme genetic polymorphism of natural animal populations could be explained to a large extent by the selective pressure of parasites. An example is provided by the genetic diversity of Soay sheep on St Kilda Island (41), despite the absence of predators and competitors on the island. A link detected between sheep genotype, survival and resistance suggests that nematodes may play an important role in the maintenance of the genetic diversity of sheep on St Kilda.
CONCLUSION: HEALTH, MANAGEMENT AND CONSERVATION BIOLOGY
Scientific knowledge of the ecology of diseases of free-ranging mammals has found numerous applications in human health and animal health. In his introduction to the Nancy Symposium, Professor Rioux (unpublished report) illustrated the value of knowledge of the natural history of human diseases which are transmitted by vectors or those which have a wildlife reservoir (e.g. leishmaniosis in Morocco) (69) . Study of disease ecology is facilitated when the zoonosis is transmitted by a vector, a key factor in the distribution of the disease among human beings. When the cycle includes one or two wild mammalian hosts and a stage of survival in the external environment, this complicates the study of environmental descriptors, as in the case of multilocular echinococcosis (14, 32, 65) , or slows the progress of such studies.
In Spain, Arriolabengoa Igarza and colleagues (6) have shown that the incidence of parasites among rural stray dogs was greater than in town strays, most probably because of dietary differences (ingestion of sheep and lagomorph carcasses by strays in rural areas). The question arises as to whether or not rural strays consequently play a more important role in the transmission of zoonoses to man, as suggested in the case of echinococcosis (66) .
In tropical countries, large domestic animals are often kept under extensive conditions and receive little treatment for disease. From this point of view, their status scarcely differs from that of free-ranging wild mammals. The latter create problems in domestic animals, both as a source of pathogens and as a focus in persistent infections (e.g. camel dermatophilosis) (37), or because they can cause the recurrence of certain infections (e.g. contagious bovine pleuropneumonia) (62) . Further complications arise, as the wild fauna is often accused of acting as a reservoir of infections transmissible to livestock or even man (34, 39, 48, 73, 82) .
Is there any way in which to support sustainable wild resources while controlling these diseases?
Mathematical models provide valuable assistance in choosing appropriate measures (59) . Should livestock be vaccinated and the "reservoir" destroyed, or should both populations be vaccinated? Vaccinating or treating wildlife reservoirs has now become a feasible option (42, 70, 74) , whereas the shooting of infected animals or those considered as pests could be more of a disadvantage than a benefit (38,43).
In the case of free-ranging mammals, the effectiveness of these measures requires an effort proportional to the density of animals. Large-scale interventions are very expensive. The financial aspect of such disease-control strategies was examined by Trewehella during the Symposium, in relation to fox rabies (84) .
Wildlife diseases have many other interesting features for the conservation of natural species (reviewed in 75).
Species introduced by man into island ecosystems often destroy vegetation and cause severe soil erosion (goats, rabbits, cows); or they may be predators (dogs and cats) which exterminate the indigenous fauna. Often such predator species harbour very few specific pathogens and are under no demographic pressure other than availability of prey. They will consequently disappear after totally destroying their prey species. Voluntary introduction of a pathogen might make it possible to control these introduced species (28, 51) . A study of the ecology of pathogens and predictions from mathematical models lead to the definition of conditions which could bring success. Preference would be given to macroparasites which have a direct cycle (without a vector) and sexually-transmitted parasites (monospecific transmission) (78) .
There are few examples of this type of biological control, due to the resistance of public opinion. However, the introduction of feline panleukopaenia virus resulted in spectacular success in controlling cats on Marion Island in the Antarctic (86), although it was also necessary to shoot some animals (87) to improve the chances of survival of petrels (family Procellaridae).
Diseases are obviously important when animals are to be reintroduced into their natural habitat, from which they had become extinct. These operations are associated with many health risks, which have been discussed at length by Woodford (93) .
In the extreme case of a rare species, it is possible that an epidemic may render the species extinct. This is illustrated by the disappearance of the black-footed ferret (Mustela nigripes) (83) , following an outbreak of canine distemper in the last colony of this animal in Wyoming. Rabies and canine distemper are specific threats to the survival of carnivores such as the hunting dog (Lycaon pictus) of Tanzania (35) , and other morbilliviruses can have a devastating impact on marine mammals (89) . Under different circumstances, a high natural mortality, linked with a parasite such as Crassicauda boopis, can threaten the survival of species which have become rare and dispersed, such as the blue whale (Balaenoptera musculus) (50). Under these conditions, it could be worthwhile to save even a few individuals through vaccination or treatment. Resumen: Como conclusión de las Actas del Simposio sobre la salud y la gestión de los mamíferos en libertad (celebrado en Nancy, Francia, en 1991) el autor pasa revista a la literatura sobre la ecología de las enfermedades de los mamíferos salvajes, disciplina que abarca la ecología de los agentes patógenos como la de sus huéspedes.
La ecología de los agentes patógenos puede considerarse como sinónimo de epidemiología, incluyendo así el modo de transmisión y de circulación de los parásitos, su origen, modo de invasión y persistencia. La ecología de los animales huéspedes considera la evolución de la infección según escalas geográficas y también según escalas temporales, de la manera siguiente: a) su efecto en la densidad de las poblaciones animales y en las comunidades introducidas, según la escala temporal del «observador»; b) su efecto en la coevolución de los agentes patógenos y los huéspedes según la escala temporal de la evolución.
Esta presentación es ilustrada con numerosos ejemplos tomados de trabajos de campo, así como con modelos matemáticos.
El autor concluye con un examen del efecto de los agentes patógenos en la diversidad biológica, en la salud humana y en la salud de los animales domésticos.
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